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ABSTRACT
Electrospray mass spectrometry was used to
investigate the mechanism of tetramolecular
G-quadruplex formation by the DNA oligonucleotide
dTG5T, in ammonium acetate. The intermediates
and products were separated according to their
mass (number of strands and inner cations) and
quantified. The study of the temporal evolution of
each species allows us to propose the following for-
mation mechanism. (i) Monomers, dimers and
trimers are present at equilibrium already in the
absence of ammonium acetate. (ii) The addition of
cations promotes the formation of tetramers and
pentamers that incorporate ammonium ions and
therefore presumably have stacked guanine
quartets in their structure. (iii) The pentamers even-
tually disappear and tetramers become predomin-
ant. However, these tetramers do not have their
four strands perfectly aligned to give five
G-quartets: the structures contain one ammonium
ion too few, and ion mobility spectrometry shows
that their conformation is more extended. (iv) At
4 C, the rearrangement of the kinetically trapped
tetramers with presumably slipped strand(s) into
the perfect G-quadruplex structure is extremely
slow (not complete after 4 months). We also show
that the addition of methanol to the monomer
solution significantly accelerates the cation-induced
G-quadruplex assembly.
INTRODUCTION
G-quadruplexes encompass all nucleic acid structures
involving the G-quartet motif (Figure 1a), in which four
guanines are assembled in a square planar structure
by Hoogsteen hydrogen bonds (1,2). G-quadruplexes
can be formed by biologically relevant DNA and RNA
sequences (3–6), and by synthetic G-rich nucleic acid
strands. Tetramolecular G-quadruplexes constituted
from four identical strands arranged in parallel orienta-
tion have been extensively studied (7,8), because they
constitute a model for G-quadruplex structure, formation
and interaction with small molecules. Furthermore,
intermolecular G-quadruplexes are also a particularly
interesting scaﬀold for the design of artiﬁcial nano-
structures (1,9–11), owing to their stability, rigidity and
electronic properties (12,13). Several synthetic
quadruplex-forming oligonucleotides, either dimeric (14–
16) or tetrameric (17,18), have been reported for their
therapeutic properties, such as anti-cancer (19) or
anti-HIV (15–17,20) treatment.
Of particular interest are the mechanisms leading to
G-quadruplex assembly. G-quadruplex structures are
stabilized by their G-quartets (Figure 1a), and by cation
interactions with these G-quartets. Sodium has a tendency
to sit in the G-quartet plane, while ammonium and potas-
sium have a tendency to sit between adjacent G-quartets
(21–23). Intermolecular G-quadruplexes involve several
strands and several cations. For example, the most
stable G-quadruplex formed by the oligonucleotide
sequence dTG5T in ammonium ions is a tetramolecular
structure (four strands) with all guanines aligned so as
to form ﬁve G-quartets, with four ammonium ions select-
ively bound (Figure 1b). The formation pathway of these
G-quadruplex structures must necessarily involve mul-
tiple steps. Understanding and controlling these steps
are of great importance for the design and control
of G-quadruplex-based structure fabrication.
Tetramolecular G-quadruplexes oﬀer a good model
system for characterizing the assembly mechanism
because their assembly is much slower than bimolecular
and intramolecular quadruplex formation (7), and can be
followed on the time scale accessible by several techniques
like size-exclusion chromatography, gel electrophoresis,
UV spectrophotometry, circular dichroism or NMR.
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tetramolecular G-quadruplex formation is the
monomer–dimer–tetramer pathway. To account for
the pseudo-fourth order association rate of dTG4T and
analogs (24) and for the fact that no dimer can be
detected by size exclusion chromatography or spectropho-
tometry, one must hypothesize a rapid equilibium between
monomer and dimer, and a comparatively slow conver-
sion of two dimers into tetramer (8,17). Another
possible mechanism is the stepwise strand addition, i.e.
the monomer–dimer–trimer–tetramer pathway. No
trimer could be evidenced directly to date, but an NMR
study of the kinetics of quadruplex formation showed that
the reaction order is closer to three in KCl, suggesting
trimer formation as the rate-limiting step in the tetramer
formation (25). Steﬂ et al. tested by molecular modeling
which intermediates could be suﬃciently stable and likely
to be involved in the formation mechanism. They found
that dimers and trimers could be stable if they have a
crossed structures, but not parallel H-bonded duplex
structures (26). Another family of possible intermediate
evidenced by the modeling study by Steﬂ et al. (26) are
tetramers with partly slipped strands and incomplete
cation incorporation (Figure 1c). The NMR study by
Bardin and Leroy (25) also revealed some tetramers that
are diﬀerent from the canonical G-quadruplex and that
can be kinetically trapped for several days.
The objective of our study was to use electrospray mass
spectrometry (ESI-MS) to follow the assembly of
tetramolecular G-quadruplexes, in order to conﬁrm or in-
validate some of the intermediates that have been previ-
ously proposed, but not demonstrated unambiguously.
When the instrumental conditions are carefully controlled
in order to avoid any dissociation in the mass spectrom-
eter, the non-covalent nucleic acid complexes present in
solution are detected intact by ESI-MS (27–29). In the
particular case of G-quadruplexes, ESI-MS allows
counting the number of strands (30–32) and the number
of cations (33) inside each structure. Moreover, with the
high sensitivity of ESI-MS combined with the mass
spectral separation of each stoichiometry, we might
detect some intermediates that have never been unambigu-
ously detected or even proposed before.
MATERIALS AND METHODS
All oligonucleotides were purchased from Eurogentec
(Seraing, Belgium), solubilized in water doubly distilled
in house, and the 400mM stock solutions were stored
at  20 C. The solvents used include methanol (absolute,
HPLC grade, Biosolve, Valkenswaard, The Netherlands),
bi-distilled water and aqueous ammonium acetate (5 M
stock solution from Fluka, diluted with bi-distilled
water). Before G-quadruplex formation, the dTG5T
aqueous stock solution was heated at 85 C for 5–10 min.
Without heating, ESI-MS of the aqueous stock solution
revealed the presence of pre-formed tetramer including
ammonium ions, which are due to the puriﬁcation
process after synthesis (which involves ammonia) and
the lyophilization of the sample. Heating during at least
5minutes is required to remove all pre-formed
G-quadruplex, and less than 10minutes is required to
avoid degradation of the strands, as controlled by ESI-MS.
ESI-MS experiments were performed on a Q-TOF
Ultima Global mass spectrometer (Waters, Manchester,
UK). The electrospray ion source was operated in
negative ion mode with a capillary voltage of  2.2 kV.
The source pressure was 3.4 mbar, the cone voltage was
100 V and the RF lens 1 voltage was 140 V. The voltage
entry in the hexapole collision cell is 10 V. The instrument
is externally calibrated with sodium iodide and internally
calibrated (lock mass) using dT
2 
7 (m/z of monoisotopic
peak=1032.1760).
To study the G-quadruplex formation pathway, single-
stranded dTG5T is ﬁrst diluted in water or water/
methanol, the single strand dT7 is added to serve as
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Figure 1. (a) Structure of a guanine quartet (or G-quartet), (b) the perfectly aligned tetramolecular G-quadruplex formed by the oligonucleotide
dTG5T contains ﬁve G-quartets and four ammonium ions, (c) a tetramolecular G-quadruplex with one strand slipped by one base contains four
G-quartets and three ammonium ions.
5218 Nucleic Acids Research, 2010,Vol.38, No. 15internal standard (see below). Various volume percentages
of methanol were tested, from 0% to 50%. Aqueous
ammonium acetate (ﬁnal concentration 150 mM) is then
added to initiate G-quadruplex formation, and the
ESI-MS recording is started simultaneously. The sample
is agitated, loaded into the syringe and the spray is
initiated as quickly as possible by pushing the syringe
piston manually. The ﬂow rate is then set at 2ml/min for
the rest of the experiment. The dead time between
ammonium acetate addition and ﬂow stabilization is
about 1 min. All kinetics experiments are carried out
with the sample at room temperature.
The internal standard dT7 is used to measure the vari-
ation of the intensity of each component of the mixture
relative to a ﬁxed reference, as a function of time. By
using a recently developed method using the internal
standard and the mass balance equation for the total
strand concentration, the relative ESI-MS response of
each component of the mixture can be determined (34).
Brieﬂy, for each stoichiometry adopted by the TG5T
strand, the ratio between the area of a peak attributable
unambiguously to that stoichiometry and the area of a
peak of the internal standard (here dT
2 
7 ), is calculated at
each time-point. By assuming that the electrospray
response of each TG5T stoichiometry and dT7 are pro-
portional throughout the experiment, and by using the
mass balance equation applied to TG5T (the total
strand concentration being equal to 80mM), the relative
response factors of each stoichiometry can be determined.
These response factors are then used to recalculate the
concentration of each stoichiometry at each time point.
Ion mobility spectrometry experiments were performed
on a Synapt HDMS spectrometer (Waters, Manchester,
UK), in negative ion mode electrospray ionization.
Samples were prepared in the same way as for the Q-TOF
experiments; the capillary voltage was set to  2.2kV;
cone voltage=40V; extraction cone=2V; source
pressure=3.05 mbar; source and desolvation
temperatures=40 C and 70 C, respectively; trap and
transfer voltages=6V and 4V, respectively. The Synapt
HDMS is similar to the Q-TOF instrument, except that the
hexapole collision cell is replaced by a travelling wave
(T-wave) cell (35) that allows separating the ions according
totheirionmobility.ThecellisﬁlledwithN2at0.535mbar,
and an electric ﬁeld is applied to the cell in the form of
waves (wave height=9V) that pass through the cell at
300m/s. The bias voltage for entering in the T-wave cell
was 10V. Within an ion packet of a given mass-to-charge
ratio, more compact ions have a higher ion mobility
because of their smaller collision cross-section, and are
more inﬂuenced by the electric ﬁeld caused by the waves.
Therefore, more compact ions exit the T-wave cell earlier
than ions of more extended conformations.
RESULTS
Identiﬁcation of the intermediates: dimer, trimer,
tetramer(s) and pentamer
ESI-MS allows detecting intact non-covalent assemblies.
In the case of quadruplex nucleic acids, it allows counting
the number of strands and of incorporated ammonium
ions in each component of a complex mixture (33).
Figure 2 shows all species detected on the course of
G-quadruplex formation by the single strand dTG5T,
from 0 to 80 min after ammonium acetate addition. The
experiment is run in 10% methanol. Methanol addition is
common in ESI-MS because it enhances the signal-
to-noise ratio. We will show below that the methanol
content also inﬂuences the reaction kinetics. However,
from 100% water to 50/50 water/methanol, the nature
of the detected species is the same.
The monomer is detected at charges state 2  (m/
z=1094.69) and 3  (not shown), with some sodium
ions non-speciﬁcally bound, but no ammonium ions
bound. Sodium was not purposefully added in our experi-
ment, and is a common contamination in DNA samples
and glassware. Dimers and trimers of dTG5T are also
detected, as shown in the zooms of the peak distributions
issuing at m/z=1314.21 (trimer
5 ) and 1460.26 (dimer
3 ).
Like the monomer, the dimer and trimer are detected with
a non-speciﬁc distribution of sodium adducts, and no
ammonium ions bound. A tetramer is unambiguously
detected at the charge state 5 . The expected
tetramolecular G-quadruplex contains ﬁve G-quartets
and therefore four ammonium ions (Figure 2b).
Surprisingly, the peak at m/z=1763.01 corresponds to
four strands and three ammonium ions (no sodium).
The presence of speciﬁcally retained ammonium ions in-
dicates that the structure contains stacked G-quartets, and
can therefore be called a G-quadruplex, but this
tetramolecular G-quadruplex is diﬀerent from the
expected one. Another unanticipated result is the detec-
tion of a pentameric species at charge states 6  and 7 .
The pentamer contains predominantly four ammonium
ions, and therefore presumably ﬁve stacked G-quartets.
The internal standard is detected only as monomer: it
does neither self-aggregate nor bind to the diﬀerent
forms of dTG5T.
We also investigated the G-quadruplex formation by
dTGnT sequences with n=3–6, to compare with the
dTG5T results discussed above. For all sequences,
dimers were detected both in pure water and in the early
stages after ammonium acetate addition. Trimers could be
detected for dTG6T. Note that the ESI response decreases
as n decreases, so the trimer signal in dTG4T and dTG3T
might be under our detection threshold. Regarding tetra-
mers and pentamers, in the case of dTG4T, ESI-MS
spectra taken at diﬀerent time points after ammonium
acetate addition show only the presence of tetramers
with three ammonium ions, i.e. the expected
G-quadruplex with four G-quartets. For dTG6T, the ini-
tially formed tetramer is detected with four ammonium
ions. The pentamer of dTG6T is also detected, with ﬁve
ammonium ions bound. In summary, for dTGnT se-
quences with n>4, the perfectly aligned tetrameric
G-quadruplex should contain n G-quartets and n 1
ammonium ions, but the species initially formed are
predominantly tetramers with n 2 ammonium ions (pre-
sumably n 1 G-quartets) and pentamers with n 1
ammonium ions (presumably n G-quartets).
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Before discussing the nature of the irregular tetramer and
of the pentamer, we shall examine the temporal evolution
of the composition of the solution. The kinetics of
G-quadruplex formation was followed online during 80
min, in the presence of an internal reference (oligonucleo-
tide dT7). Figure 3 shows some selected mass spectra at
diﬀerent time points after ammonium acetate addition, in
10% methanol. In the earliest spectrum (2 min, Figure 3a),
the monomer (M), dimer (D) and trimer (T) are detect-
able. A control experiment with the monomer diluted to
the same concentration without ammonium acetate shows
that the monomer, dimer and trimer are also present in
water, with similar non-speciﬁc sodium adduct distribu-
tion. We can therefore conclude that monomers, dimers
and trimers are in equilibrium prior to ammonium acetate
addition.
The spectra recorded after 10 and 60 min (Figure 3b
and c, respectively) show the increase of the peak corres-
ponding to the previously described G-quadruplex (Q)
and pentamer (P). In all our experiments (from 80mMt o
120mM dTG5T, from 0% to 50% methanol), the
pentamer is still present at the end of the recording (typ-
ically 80 min). Aliquots of the solutions studied online for
80 min were left at 4 C. ESI-MS spectra were also
recorded 25 days (Figure 3d) and more than 4 months
(Figure 3e) after ammonium acetate addition. After 25
days (Figure 3d), the pentamer signal disappeared, and
the monomer signal dramatically reduced compared to
the quadruplex. However, the dominant signal of the
quadruplex is still with three ammonium ions. The
relative signal of the expected quadruplex with four
ammonium ions has increased only slightly. Spectra
recorded at the time of this writing, with the same
sample aged more than 4 months at 4 C, show that the
predominant peak is now of the expected G-quadruplex
with four ammonium ions.
From the 80-min online experiment, we can monitor the
relative intensities of peaks representing each stoichiom-
etry (M
2  for monomer, D
3  for the dimer, T
5  for the
trimer, Q
5  for the tetramer and P
6  for the pentamer).
The intensity ratios between each of these peaks and the
internal standard dT
2 
7 are ﬁrst plotted as a function of
time (Figure 3f). Then, after determination of the relative
response factors of each species (34), the intensity ratios
are converted into absolute concentrations (Figure 3g).
The starting monomer concentration is around 65mM,
the rest being dimer (5±1mM) and trimer (<1mM).
The equilibrium dissociation constant of the dimer can
therefore be estimated at &0.8mM, and the Kd for
trimer dissociation into dimer and monomer at
>0.3mM. Similar intensity ratios are obtained in the
absence of ammonium acetate (low ionic strength). As
the reaction time increases, the monomer, dimer and
trimer concentrations decrease, while the tetramer and
pentamer concentrations increase. One can therefore
assume a pre-equilibrium between monomer, dimer and
trimer, in fast interconversion compared to tetramer and
pentamer formation.
Inﬂuence of methanol on the kinetics
As mentioned earlier, ESI-MS experiments are often
carried out with methanol addition to the injected
solution in order to increase the signal-to-noise ratio.
Having obtained several unexpected results in the
presence of methanol (incomplete incorporation of
ammonium ions in the tetramer, pentamer formation),
we veriﬁed that these species were not due to the use of
methanol. Experiments in pure water conﬁrmed the for-
mation of the same species as in 10% methanol. However,
the rate of G-quadruplex formation is much lower in pure
water (about 1–2% of quadruplex formed after 80 min), in
agreement with previously published formation rate con-
stants in ammonium acetate (33). This prompted us to
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5220 Nucleic Acids Research, 2010,Vol.38, No. 15study the inﬂuence of the volume percentage of methanol
on the kinetics. The monomer, tetramer and pentamer
concentrations were recalculated as a function of time
for the kinetics experiments carried out at 10–50%
methanol, and the results are displayed in Figure 4.
The alcohol content has a dramatic inﬂuence on the rate
of G-quadruplex formation (G-quadruplex here means
all species with stacked G-quartets and incorporated
ammonium ions, i.e. the tetramers and pentamers):
the higher the methanol content, the faster the
G-quadruplex assembly. The time required for the
tetramer concentration to reach 10mM (50% of the max-
imum possible, starting with 80mM single strand) is 2min
at 50% MeOH, 6min at 40% MeOH, 12min at 30%
MeOH, 68min at 20% MeOH and outside the time
scale of the experiment in 10% MeOH or pure water
(see dashed line in Figure 4b). Figure 4 also clearly
shows that the initial rate of pentamer formation
(Figure 4c) is faster than the initial rate of tetramer for-
mation (Figure 4b). Also, at 30%, 40% and 50%
methanol, we can observe within the time scale of our
experiment an initial increase of the pentamer concentra-
tion, followed by a slower decrease.
Another interesting aspect of the time evolution of the
concentrations is that, on the time scale of our experiment,
the concentrations of each species asymptotically reach
values that are diﬀerent from those expected with the
complete formation of the quadruplex including four
ammonium ions (Figure 3e). In conclusion, several diﬀer-
ent steps in the G-quadruplex formation pathway can be
distinguished, that proceed on diﬀerent time scales: (i) the
monomer–dimer–trimer equilibrium does not need
ammonium acetate to be established; (ii) the formation
of the pentamer and of the ﬁrst tetrameric forms
requires ammonium acetate, proceeds on the hour time
scale, and does not consume all the monomer; (iii) the
conversion to the perfect quadruplex including four
ammonium ions and ﬁve G-quartets proceeds on a much
slower time scale and eventually consumes all the
monomer.
Tetrameric intermediates have a more extended
conformation than the canonical G-quadruplex
Based on the number of ammonium ions incorporated, we
can conclude that the tetramers are present in several
forms. The presence of non-canonical, slipped
G-quadruplexes has been suggested by the modeling
studies by Steﬂ et al. (26), and by the NMR studies of
Bardin and Leroy (25). The QðNH4Þ
5
3
  tetramers
observed by ESI-MS could correspond to these slipped
G-quadruplexes, because less than ﬁve G-quartets are
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Figure 3. Kinetics of G-quadruplex formation by 80mM dTG5T in 150mM NH4OAc and 10% methanol. (a–e) Electrospray mass spectra recorded
2min (a), 10min (b), 60min (c), 25 days (d) and 164 days (e) after ammonium acetate addition. M stands for monomer, D for dimer, T for trimer, Q
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reference peak dT
2 
7 , as a function of time elapsed after ammonium addition. (g) Time evolution of the concentration of each stoichiometry, obtained
after correcting for the relative response factor of each characteristic peak (note the break on the y-axis).
Nucleic Acids Research, 2010,Vol.38, No. 15 5221formed (Figure 1c). To verify this interpretation, we per-
formed ion mobility spectrometry (IMS) experiments
(Figure 5). Ion mobility allows separating ions of a
given mass-to-charge ratio based on their ion mobility,
which for a given charge is directly related to the ion’s
collision cross section. The regular G-quadruplexes being
more compact, they will travel faster in the ion mobility
cell than the slipped G-quadruplex structures. The experi-
ments not only conﬁrm that the QðNH4Þ
5
3
  tetramers (red
triangles) have indeed a more extended conformation than
the QðNH4Þ
5
4
  tetramers (green squares), but also reveal
that the degree of compactness of the QðNH4Þ
5
4
  tetramers
increases with formation time. Each stoichiometry there-
fore corresponds to an ensemble of conformations. The
arrival time distribution of the whole-tetramer adduct dis-
tribution (black circles) is shifting to shorter times (more
compact conformations) as the formation time increases
from 2 min (Figure 5a) to 120 min (Figure 5b) and 165
days (Figure 5c).
DISCUSSION
ESI-MS experiments have therefore unambiguously con-
ﬁrmed the presence of several stoichiometries (dimers,
trimers, tetramers with incomplete ammonium ion incorp-
oration), and revealed others (pentamers). The presence of
ammonium ions is related to the number of stacked
G-quartets in the structures. Ion mobility spectrometry
experiments have shown that incomplete ammonium in-
corporation in the tetramers was associated with more
extended conformations. Moreover, the temporal evolu-
tion of the composition of the solution can be
characterized. These results help to reﬁne the mechanism
of tetramolecular G-quadruplex formation (Figure 6).
The most simple assembly mechanism accounting for
the pseudo-fourth order association kinetics is the
pre-equilibrium between monomers and dimers, followed
by the formation of tetramers. Another proposed mech-
anism is the stepwise addition of monomer to form dimer,
trimer and tetramer. Due to their low abundance, dimers
and trimers cannot be detected by size exclusion chroma-
tography or spectrophotometric techniques. By NMR, the
presence of dimers was suggested by small proton shifts of
the monomer, and the dimer dissociation constant was
estimated between 2mM and 6mM for dTG4T (25).
Here, we have unambiguously proved that dimers and
trimers are present in equilibrium with the monomer,
and could estimate a Kd&0.8mM for dTG5T for the
dimer formation and >0.3mM for the trimer formation
from a dimer and a monomer, in 150mM NH4OAc. These
dimers and trimers are not detected with speciﬁc
ammonium ions retained in the electrosprayed species.
This does not necessarily indicate that ammonium ions
are not coordinated to dimers and trimers in solution,
but it indicates that ammonium ions are not retained in
the gas-phase. Past ESI-MS studies of G-quadruplexes has
shown that only ammonium ions coordinated between
two G-quartets are bound tightly enough to be retained
in the gas phase (30,33). We therefore interpret the
absence of ammonium ion adduct as an indication of
the absence of at least two stacked G-quartets formed in
these structures. Monomers, dimers and trimers have
instead a high aﬃnity for the residual sodium present in
solution. Finally, monomer, dimers and trimers are also
detected with a similar intensity ratio in pure water (no
ammonium acetate).
The further addition of strands is initiated by the
addition of ammonium acetate. We observe the simultan-
eous formation of two mass spectrometrically distinguish-
able species: a tetramer with incomplete incorporation of
ammonium ions and which has more extended conform-
ations than the canonical tetrameric G-quadruplex; and a
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The ammonium count and ion mobility experiments
suggest that the tetramers detected are tetramers with
some degree of strand slippage. Tetrameric intermediates
with an incomplete set of G-quartets due to strand
slippage have been predicted by molecular modeling
(26), and detected by NMR (25).
Regarding the pentamer formation, two diﬀerent
pathways are possible: (i) trimer+dimer, and (ii) tetra-
mer+monomer. The ‘dimer+trimer’ pathway is possible
because we detect that trimers are indeed present.
However, if this pathway is the major one, it would
mean that ammonium-induced dimer–trimer interaction
is more likely to result in the formation of nucleation
G-quartets than dimer–dimer interactions. It would there-
fore mean that the lower frequency of dimer–trimer en-
counter must be overcome by the higher probability that,
during this encounter, enough guanines are in a favorable
conformation to form the nucleation G-quartets. In terms
of favorable encounter conformation for the reaction
to occur, this is plausible because there are more
guanines in ﬁve strands than in four. Actually, the same
probabilistic (or, in other words, entropic) arguments also
explain that the rate of cation-induced G-quartet forma-
tion increases as the length of the G-tract increases in
dTGnT sequences (7,24). The ‘tetramer+monomer’
pathway is also possible. However, we found that the for-
mation of pentamer is faster than the formation of tetra-
mers with three ammonium ions, and that the pentamer
eventually converts into the latter (Figure 3d). The
tetramer from which the pentamer forms must therefore
be a diﬀerent kind of tetramer structure, presumably with
even more strand slippage than the tetramers detected
here. The capture of a monomer from these tetramers
would then be favorable because it allows several new
G-quartets to form, to reach a total of ﬁve G-quartets
(four ammonium ions).
After the formation of the tetramers and pentamers that
we detect on the minute time scale, several slow rearrange-
ments occur. We can therefore imagine the following for-
mation mechanism: in the pentamer, the degree of strand
slippage is relatively high and the stem of G-quartets in-
corporates ﬁve strands instead of four, allowing for a
greater enthalpic stabilization than the corresponding
tetramer with the same degree of strand slippage. Then,
the degree of strand slippage diminishes by internal re-
arrangements to minimize the Gibbs free energy, until
one strand is ejected from the pentamer to lead to the
tetramer. At some point, one extra monomer is lost but
in the resulting tetramer the number of G-quartets
reduced from n to n 1, and the number of ammonium
ions from n 1t on 2. The ﬁnal step in canonical
G-quadruplex formation is the rearrangement leading to
the suppression of the last strand slippage and the
re-incorporation of the last cation. As demonstrated by
NMR and mass spectrometry, this ultimate step is ex-
tremely slow.
In summary, the ESI-MS results, together with previous
studies, lead us to propose the following formation mech-
anism. There is a pre-equilibrium between monomer,
dimer and trimer, with Kd in the range 0.1–1mM, which
exists also in pure water. The monomer, dimer and trimer
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sodium. The addition of ammonium acetate initiates the
formation of higher order structures: tetramers and penta-
mers. These pentamers are not well-ordered, probably
contain several slipped strands, but those formed on the
minute time scale incorporate ammonium ions so as to
maximize the number of G-quartets and gain enthalpic
stabilization. The rearrangements tend to align four of
the strands with each other, and at some point one of
the strands of the pentamer is expelled to form a slipped
tetramer. This step is enthalpically disfavored because one
G-quartet is lost, but entropically favored by the release of
one cation and one strand. Rearrangements continue in
the tetramer until the four strands are eventually strictly
parallel and the last ammonium ion is trapped in the stem.
The rearrangements in the tetramer are extremely slow at
low temperature. We have seen that for dTG5Ta t4  C the
tetramer is not yet fully converted to the canonical struc-
ture after more than 4 months.
This is in entire agreement with the NMR results of
Bardin and Leroy (25), who evidenced the formation of
kinetically trapped tetramers for dTG5T at room tempera-
ture and below, and for dTG6T below 42 C. Kinetically
trapped structures were also evidenced for the bimolecular
G-quadruplexes formed by the sequences dG4T4G4 and
dG4T4G3 (36). The formation of pentamers has however
never been reported before. Note that these pentamers are
transient species, and that their abundance remains low
throughout the formation pathway (max. 3.5mM
starting from 80mM monomer concentration). Their
UV, CD or NMR spectroscopic signal might be undistin-
guishable from the expected tetramer signal. It is also
possible that, once isolated in size exclusion chromatog-
raphy or gel electrophoresis, these pentamers dissociate
into tetramer and monomer and can remain undetectable
by these techniques. Only electrospray mass spectrometry
in native conditions currently allows their detection. The
possible formation of pentamers has only once been sug-
gested before. Based on spectroscopy results on the
sequence dTG4, the formation of pentamers or hexamers
has been suggested by Hardin et al. (37), who later
proposed a mechanism of tetramolecular quadruplex for-
mation involving the disproportionation of hexamers (38).
However, when we performed ESI-MS experiments on the
sequence dTG4 in ammonium acetate, we found that this
sequence forms a mixture of tetramers and octamers at
equilibrium (data not shown), so their interpretation of
the formation of pentamers during tetramolercular
quadruplex formation, although now proven entirely
right by our results, could actually have been based on
an artifact.
The detailed knowledge of the mechanism of intermo-
lecular G-quadruplex formation is of prime importance
for the design and fabrication of quadruplex-based
nanostructures or quadruplex-based therapeutic agents.
Depending on the application, kinetically trapped inter-
mediates should be avoided, or could be desirable. For
example, intermediates with slipped strands and penta-
mers could serve as a nucleation platform for the
addition of subsequent strands and the formation of
larger structures, because they already provide some
template for G-quartet stacking. Also, understanding
and controlling the formation of multimeric
G-quadruplexes of therapeutic potential is crucial for
their safe use. ESI-MS should become a method of
choice to reveal the self-assembly mechanisms, higher
order structures (32), and the kinetically trapped inter-
mediates of many other sequences. The inﬂuence of
methanol on the rates of self-assembly is also of prime
interest for the fabrication of quadruplex-based structures.
Our results show that methanol can be extremely useful to
accelerate the assembly process, while still leading to the
expected G-quadruplex product.
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